Transition properties such as oscillator strengths, transition rates, branching ratios and lifetimes of many low-lying states in the doubly ionized scandium (Sc III) are reported. A relativistic method in the coupled-cluster framework has been employed to incorporate the electron correlation effects due to the Coulomb interaction to all orders by considering all possible singly and doubly excited electronic configurations conjointly with the leading order triply excited configurations in a perturbative approach. Present results are compared with the previously reported results for the transition lines of astrophysical interest. In addition, some of the transition properties and lifetimes of few low-lying states are given for the first time. Role of the correlation effects in the evaluation of the transition strengths are described concisely.
I. INTRODUCTION
The low-lying energy spectra of the doubly ionized scandium (Sc III) have been studied precisely [1] [2] [3] [4] , however accurate results for other transition properties which are of astrophysical interest are almost rarely investigated. Sc is one of the important elements available in the photosphere of the sun [5] [6] [7] [8] . With the accurate information of the spectroscopic data of Sc and its ions, one can acquire palpable knowledge about the abundance of this element in the solar photosphere [6, 7] . Abundances of different elements in the sun was studied latest by Anders et al [9] , but the Sc abundance is not well known yet in its photosphere. In that context, precise spectroscopic data of Sc or its ions may be helpful for this purpose. These data can also serve as reference to determine abundances of other elements in the metal-poor stars [6] . From the variation study of the Sc abundance pattern in the long lived F-and G-type stars with different metallicity, it is possible to probe the nucleosynthesis and chemical evolution of the elements in our Galaxy [6, 8] . Ambiguity in the finding of the overabundant of Sc in most of the metal rich stars [10] can be resolved from its improved spectroscopic data. It is also known that the collisional de-excitations of the metastable states are rather slow which can lead to build-up of a population of metastable levels due to M1 and E2 forbidden transitions both in the astrophysical objects and primarily, in the low-density laboratory tokamak plasmas [11] . Intensities of these transitions are vital to infer knowledge about the plasma temperature and dynamics which are of crucial quantities for the determination of the electron density and temperature diagnostics in many astronom- * Email: bijaya@prl.res.in ical objects and in the laboratory tokamak plasmas [11] .
Sc III belongs to the potassium (K I ) isoelectronic sequence, but their energy level schemes are different. Since Sc III is an ionized atomic system with heavier nucleus than K I, it is expected that the orbitals of this ion are more contracted towards the nucleus than the latter. Therefore, the electron correlation effects can be different in both the systems and the relativistic effects in Sc III can be larger. Only a few rigorous calculations of transition rates, oscillator strengths and lifetimes in a number of states in Sc III are available till date and most of them are just using the mean-field theories. These theoretical, also observed in few cases, transition properties of Sc III can be found in [12] [13] [14] [15] [16] , out of which our previous reported results on the transition rates and lifetimes of the 3d and 4s states in this ion [16] were the latest. We had evaluated these quantities by calculating the forbidden transition amplitudes using the relativistic coupled-cluster (RCC) method; an all order perturbative relativistic many-body approach. In the present work, we employ the same method but account a large number of configuration interaction space to determine various transition properties of many low-lying states in the considered ion. This method has also been employed successfully in other systems to study these properties very accurately [17] [18] [19] . Some of the Sc data through all the stages of ionization are being tabulated by Wiese and Fuhr [20] few decades ago and the corresponding Sc III data can be replaced by the results obtained from the present study for their uses in other applications; especially in the astrophysics.
The remaining part of the paper is organized as follows: In the next section we describe the necessity of the oscillator strengths and lifetimes for astrophysical studies along with the definitions of these quantities for different multipole channels. Then we pursue with presenting and discussing the results in the following section before summarizing them.
II. THEORY AND METHOD OF CALCULATIONS
The emission coefficient from an upper level k to the lower level i in a given element for its diagnostic in an astronomical object is given by [21] 
where λ ki , f ik , g i , E k , n, u and T are the wavelength, absorption oscillator strength, statistical weight of the lower level, energy of the upper level, particle density, partition function of an atom or ion and excitation temperature, respectively. In the above expression h, e, m e and k B are the universal constants. Therefore, accurate values of f ik are necessary in order to identify the emission coefficients I ki from different objects. It is also possible that f ik can be extracted from the precisely observed I ki values and compared them with the reported results to demonstrate the potency of the employed method. Moreover, the temperature of an astrophysical object can be determined by plotting ln
against the E k values [21] .
In the macroscopic mechanical equilibrium and with the knowledge of the gas density, the optical depth of the stellar atmosphere can be found by [22] 
where V i is the volume density in the state i, φ λ ki is the spectral line profile which can be obtained from the stellar atmosphere and ρ i is the gas density in the state i, respectively. Accurate values of the oscillator strengths are also necessary for this purpose. The emission (absorption) oscillator strength f ki (f ik ) is given by [23] 
where λ ki and the transition rate A ki are used inÅand s −1 , respectively. Sometime the weighted oscillator strengths are commonly used which are obtained from the relation 
Similarly, the branching ratio of a given transition in the channel O from a state k to a lower state i is given by
The considered ion Sc III has the ground state configuration as [3p 6 ] 3d 3/2 which can be separated into a closed-shell configuration [3p 6 ] with the valence electron 3d 3/2 . By replacing 3d 3/2 valence orbital with any excited state orbital in the above configuration, the corresponding single excited states of this ion can be obtained. In a Fock space representation, we assume a Fermi vacuum as |Φ 0 = [3p 6 ] and a reference state with a valence orbital v as |Φ v = a † v |Φ 0 to define different level of excitations. In this approach, it is customary to express the atomic state function (ASF) in the (R)CC framework as (e.g. see [17, 24] )
where T and S v represent the excitation operators carrying the core-core and core-valence electron correlation effects, respectively. In this work, we consider all possible single and double excitations to determine the amplitudes for the T and S v operators and also the important triple excitations are considered perturbatively in a selfconsistent procedure only for the determination of the S v operator amplitudes; this approach is known generally as the (R)CCSD(T) method. Since Sc III is a medium size atomic system, the CCSD(T) method can be able to incorporate the correlation effects in this ion comprehensively so that the results can be obtained to the required precision.
Excitation amplitudes for T operators are determined using the equation
where |Φ * 0 represents all possible singly and doubly excited states with respect to |Φ 0 . After obtaining these solutions, we obtain both the attachment energy ∆E v (negative of the ionization potential (IP)) and S v amplitudes simultaneously for a given ASF of configuration [3p 6 ] with a valence electron denoted by v using the equation
where the superscript L represents for the singly (L = 1) and doubly (L = 2) excited hole-particle states. The Dirac-Coulomb Hamiltonian has been considered for the present calculations.
The transition matrix element for a given channel O from state k to state i is evaluated by calculating the expression
T . These terms involve non-truncating series and their evaluation procedure is explained elsewhere, e.g. see [17, 24] .
The trial DF wave function |Φ 0 is constructed initially using 32 Gaussian type orbitals (GTOs) for each angular momentum symmetry before obtaining the selfconsistent solutions. To obtain the RCC wave functions, we have considered interaction space within 15s, 15p, 15d, 13f and 12g orbitals in contrast to 13s, 12p, 12d, 7f and 5g orbitals in our previous work [16] .
III. RESULTS AND DISCUSSIONS
We present first the IP results of various states from this work using the DF and CCSD(T) methods and compare them in Table I with the corresponding values given in the NIST database [25] . The differences between the CCSD(T) results and the NIST data are given as ∆ in percentage in the same table. As seen in the table, the differences between these results are sub-one per cent for all the states; in fact, most of the calculated results are within half per cent accurate. Amount of the correlation effects in these results annexed through the CCSD(T) method can be ascertained from the differences between the DF and CCSD(T) results. Agreement between the experimental results quoted in NIST database and CCSD(T) results signify capability of the method for obtaining the correct results in the considered system. Although the calculated IP results seem to be accurate enough for considering them in the ab initio determination of the transition properties, but it can be noticed that the errors associated in the energies get augmented in the estimation of the excitation energies (EEs); particularly between the fine structure states. This is because of the expected non-negligible contribution from other higher relativistic corrections from the QED and Breit interactions which are not considered in the present work. In contrast to the energies, the QED and Breit interaction contributions are known to be small in the estimation of the transition amplitudes. To minimize the uncertainties, we use the experimental energies/wavelengths in the determination of other transition properties.
In Table II , we give the transition matrix elements including their transition strengths due to the E1, M1 and E2 channels; other higher order multiple channel contributions are very small to be neglected here. These results can also be used to estimate the polarizabilities of different states of the considered ion. As seen from the above table, among the forbidden transitions the E2 transition amplitudes are generally significant except between the fine structure transitions where the M1 transition amplitudes are also large enough to be accounted for. Role of the correlation effects to determine these properties can be realized from the differences between the DF and CCSD(T) results given in the same table. Typically the magnitudes of the amplitudes obtained using the CCSD(T) method are smaller compared to the the DF results except where the results are minuscule. This cognition would be pertinent while we compare our tran-sition rates, oscillator strengths, branching ratios and lifetimes against the earlier reported results which are obtained using the mean-field theory calculations. Using the transition amplitudes/strengths from the CCSD(T) calculations given in Table II and experimental wavelengths estimated from the NIST database energies (given in Table I ), we determine the transition rates, emission oscillator strengths and branching ratios of various transitions and present them in Table III . We have also compared our results with other available results for these properties. There are also few calculations available on the transition probabilities and oscillator strengths earlier. Transition probabilities reported by us in our earlier work [16] which were obtained using the same method of the present work, however considering a larger size of configuration interaction space with the availability of a bigger computational resource in order to verify the consistent of the results with respect to our previous calculations. We find the results are still consistent with our previous calculations. Ali and Kim have also calculated these forbidden transition rates [15] using the multi-configuration Dirac-Fock (MCDF) method, their results are also in agreement with us except for the M1 amplitude of the 4s 2 S 1/2 → 3d 2 D 3/2 transition. In fact the MCDF method is incompetent to account the correlation effects as comprehensively as the RCC method, especially the core-polarization correlations. From our calculations we observe that the above M1 amplitude is about 5.12×10 −6 at the DF level and the core-polarization effects through the core correlations aggrandize it to be −0.001 (a.u.) in the CCSD(T) method. This is the main reason for the discrepancy between the results obtained from these two methods and it advocates for the essence of studying the transition properties using a method like our RCC approach. In another work, Zeippen has also employed the SUPERSTRUCTURE program to estimate these forbidden transition rates besides for some other ions by scaling the wave functions and energies. In that work the results are also compared with the above results of Ali and Kim except for the above discussed M1 transition amplitude which is not reported at all. Our results also agree reasonably well with their calculations. In 1975, Wiese and Fuhr have tabulated most of the transition rates and oscillator strengths due to the allowed transitions accumulating from various works [20] . The calculated results reported in their list were obtained from the non-relativistic mean-field methods and other results were taken from the observations.
Most of our results are comparable with the tabulated results, however the present calculations are believed to be meticulous than those are tabulated in the above reference. This may be perceptible while one scrutinizes the discussions in the next paragraph. Along with the results discussed above, we also present the forbidden transition properties for all these transitions although their contributions seem to be irrelevant for the determination of the lifetimes of the excited states those are considered except for the first two (it will be evident later). However, these results could be useful for some other purposes like estimating the higher multipole polarizabilities, Stark shifts etc. Also, the transition properties for the 6s and 6p states were not known earlier. We also give the branching ratios of all the transitions in the same table when their values are significant up to three decimal places. It is possible by us to estimate these values due to determination all the important transition rates in this work. observed that insufficient efforts are being made to accomplish any reliable results for the lifetimes of different states in Sc III. Andersen et al [13] have measured lifetimes of the 4p states. In an outdated work, Buchta et al had carried out investigation of the lifetimes of a number of states in the considered ion using a beam-foil technique measurement with reasonable accuracies [12] . Some of the data reported by Wiese and Fuhr [20] , as was mentioned in the previous paragraph, were actually quoted from these measurements. We have estimated the lifetimes of all the states that we have taken into account for our study using the transition rates given above and listed them in Table IV along side the results of Andersen et al and Buchta et al. We have also estimated uncertainties from the neglected Breit interaction and correlation effects (slightly larger values are taken as upper limits) and they are quoted inside the parentheses. Our estimated lifetimes for the 4f states are completely disaccord with the results reported in [12] . The cause for the large discrepancies between these results could be due to the anticipated error in the measurement as mentioned by Buchta et al in their paper; instead these measurements may correspond to the lifetimes of the cascade 5g states. We have also referred to few other theoretical estimations of the lifetimes of the 4p states in the same table which were, in fact, determined from the mean-field theory based calculations. From the agreement between the measured lifetimes for the 4p states with the mean-field theory results using the velocity gauge expression than the length gauge expression, Buchta et al have justified the accuracy of the mean-field based calculation and their results [12] . However, this agreement may be accidental, because as we have stated in the earlier paragraph that the transition amplitudes from the DF method (meanfield theory calculation) are usually larger in magnitudes compared to the results obtained from the RCC method. So the mean-field results are expected to give smaller lifetime values and the same was observed in the mean-field theory calculation. It is well known fact that the length gauge expression gives faster converged amplitude result than the velocity gauge expression in an approximated many-body theory calculations. Further, Buchta et al have given other examples like how they find a similar observation for the estimation of the lifetimes of the 4p states in the calcium ion (Ca II). We have also studied the lifetimes of various states using the length gauge expression in Ca II using our CCSD(T) method [18, 27] and shown the importance of the correlation effects to obtain results agreeing the with their corresponding measured values. Therefore, we think that the estimated lifetimes of the 4p states for Sc III in this work are more precise than the measurements by Buchta et al [12] . It would be appropriate to carry out further measurements of the lifetimes of different states in this ion using the the modern advanced experimental techniques to probe their accuracies and test the potential of the many-body methods to reproduce them.
The lifetime and oscillator strength of the 5s state and 4p − 5s transition in Sc III were reported as 1.4(2)ns and 0.13(2) in [12] , which we obtain as 1.08(2)ns and 0.168, respectively. Our oscillator strength for the above transition match well with the tabulated result as 0.15 in [20] . Nonetheless, our results for the 5d states agree substantially with the results reported by Buchta et al [12] . The measured oscillator strength for the 3d → 4f transition is reported as 0.03 which differ completely from our result 0.14, but our result agrees with the results reported in [20] . With all the above observations, it is worth reiterating that the results reported in this work are more accurate and they can be used reliably in any other applications. Using the forbidden transition amplitudes, we find very large lifetimes for the 3d 2 D 5/2 and 4s 2 S 1/2 states. The lifetime of the 3d 2 D 5/2 state is found to be 12135s which is very large, because of the highly forbidden transition between the corresponding fine structure states (EE is very small). The lifetime of the 4s 2 S 1/2 state found to be 0.05s which is also large enough in an atomic scale for carrying out any other precision studies related to this state. These results are also in perfect agreement with our previous findings [16] .
IV. CONCLUSION
We have employed the relativistic coupled-cluster method to determine both the allowed and forbidden transition amplitudes in the doubly ionized scandium. By combining these results with the experimental wavelengths, we have estimated the transition rates, oscillator strengths, branching ratios and lifetimes for the first sixteen states in this ion. We have compared our results with the previously reported ones and find a reasonably agreement between them. The reported lifetimes of various states in this work seem to be meticulous than the previously available results. Our results can be instrumental for various astrophysical studies embodying scandium element. Further, these results can also be directive for the new experiments to affirm the accuracies of the reported properties.
